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The	processes	 that	 lead	 to	material	ejection	when	a	solid	sample	 is	 irradiated	near	and	above	 the	
pulsed	 laser	 ablation	 threshold	 are	 discussed.	 Emphasis	 is	 placed	 on	 the	 thermal	 and	mechanical	
mechanisms	 that	 occur	 during	 pulsed	 laser	 irradiation	 of	metals	 and	 semiconductors.	 Distinctions	
are	drawn	between	ultrafast-pulsed	irradiation,	which	occurs	under	stress	confinement,	and	short-
pulsed	 irradiation,	 in	 which	 stress	 is	 released	 during	 the	 laser	 pulse.	 Similarly,	 the	 distinctions	
between	the	spallation	and	phase	explosion	regimes	are	discussed.	Spallation	is	only	possible	when	
the	 time	 of	 the	 laser	 heating	 is	 shorter	 than	 the	 time	 needed	 for	mechanical	 equilibration	 of	 the	
heated	 volume,	while	 phase	 explosion	 can	 occur	 for	 pulses	 shorter	 than	 tens	 of	 ns.	 Nanoparticle	
formation	can	occur	directly	in	the	plume	as	the	result	of	the	decomposition	of	ejected	liquid	layers	











relaxation	 of	 photomechanical	 stresses;	 it	 often	 proceeds	 through	 nucleation,	 growth	 and	
coalescence	of	multiple	voids	in	a	subsurface	region	of	an	ablation	target.	
Two	 temperature	model	 (TTM)	–	A	model	of	energy	 transfer	 that	explicitly	 takes	 into	account	 the	




























solidification	 driven	 extrusion,	 hydrodynamics	 sputtering,	 capillary	 wave	 formation,	 the	 Mullins-
Sekerka	instability	and	laser	zone	texturing	[5].		
Laser	 ablation	 is	 characterized	 by	 the	 explosive	 release	 of	material	 from	an	 irradiated	 target.	 The	
ablation	process	can	be	used	to	micromachine	the	target	[6-11].	The	formation	of	pillars	during	laser	
ablation	just	above	the	ablation	threshold	is	a	widely	observed	phenomenon.	Mazur	and	co-workers	










fashion	 [20-23].	 Famously,	 Kroto,	 Heath,	 O’Brien,	 Curl	 and	 Smalley	 discovered	 C60	
(Buckminsterfullerene)	by	examining	the	products	created	by	 laser	ablation	of	graphite	[24],	which	
touched	 off	 a	 new	 frontier	 in	 carbon	 nanomaterials	 and	 led	 to	 the	 award	 of	 the	 Nobel	 Prize	 in	
Chemistry	 for	 three	 of	 the	 authors.	 Laser	 ablation	 is	 being	 used	 for	 solar	 cell	 manufacturing	





target.	 During	 the	 laser	 ablation	 process,	 nanoparticles	 and	 small	 clusters	 are	 formed	 along	 with	
particulates	made	of	 large	clusters	and	droplets.	 	The	size	of	 the	particulate	debris	may	vary	 from	
nanometers	 to	 microns.	 Depending	 on	 the	 application,	 the	 generation	 of	 particulates	 may	 be	







Femtosecond	 laser	 irradiation	mostly	 generates	 finer	 particles	 of	 less	 than	 150	 nm	 and	wool	 like	
debris	 which	 contain	 nanoparticles	 of	 silicon	 and	 SiO2.	 There	 are	 significant	 differences	 in	 debris	
formation	 during	 ablation	 with	 nanosecond	 as	 opposed	 to	 ultrashort	 pulsed	 lasers	 with	 pico	 to	







The	pulsed	 laser	generated	plume	can	be	 controlled	by	 several	means	other	 than	variation	of	 the	
laser	irradiation	parameters.	One	method	that	will	be	discussed	further	below	is	control	via	the	gas	
phase	 composition	and	pressure.	Another	method	 that	 is	particularly	 suitable	 for	minimizing	 laser	








transparent	 SiO2	 thin	 film	 overcoat	 confining	 the	 flow	 of	 molten	 material.	The	 marks	 generated	
without	the	confining	overcoat,	shown	in	(a),	are	irregularly	decorated	with	ablation	debris.	Panel	(b)	





target	 due	 to	 its	 irradiation	 with	 short	 (nanosecond)	 or	 ultrafast	 (picosecond	 and	 femtosecond)	
pulsed	lasers.	The	subsequent	dynamics	of	the	plume	expansion	and	its	role	 in	the	generation	and	
transport	 of	 nanoparticles	 is	 also	 discussed.	 The	 perspective	 will	 mainly	 be	 that	 of	 irradiation	 of	
semiconductors	 and	metals	 near	 and	 just	 above	 the	 ablation	 threshold	 with	 infrared,	 visible	 and	
near	UV	 lasers.	Much	of	 the	discussion,	 however,	 is	 also	 relevant	 to	molecular	materials	 [19,	 38],	




We	begin	our	discussion	 from	 irradiation	with	 short-pulsed	 lasers	by	which	we	mean	nanosecond	
(perhaps	even	 to	≥	150	ps)	pulsed	 lasers.	Commonly	encountered	 lasers	 in	 this	 realm	are	Nd:YAG	
solid	state	and	fiber	(operating	at	1064,	532	or	355	nm	most	commonly),	and	excimer	lasers	such	as	
XeF	(351	nm),	XeCl	(308	nm),	KrF	(248	nm)	and	ArF	(193	nm).	Incident	photons	are	absorbed	by	the	
target	 and	 excite	 the	 electrons.	 Compared	 to	 the	 timescale	 of	 short	 pulses,	 the	 excited	 electrons	





remains	the	same	throughout	the	pulse.	 It	 is	also	 important	that,	 for	strongly	absorbing	materials,	
the	mechanical	 relaxation	of	a	 region	heated	by	 laser	 irradiation	occurs	on	a	 time	scale	of	 tens	of	
picoseconds	[39];	that	is,	the	irradiated	area	is	able	to	expand	during	the	short-pulse	irradiation	and	
to	 relieve	much	of	 the	 stress	 that	would	otherwise	 accumulate	 in	 the	 excited	 volume.	 For	metals	
(and	similarly	for	semiconductors	much	above	their	direct	gap	energy),	the	optical	penetration	depth	
is	only	10–20	nm.	Below	band	gap	irradiation	of	a	semiconductor,	e.g.	Si	irradiated	at	a	wavelength	
longer	 than	roughly	350	nm	for	direct	excitation,	 the	 laser	penetration	depth	becomes	 longer	and	
exhibits	 strong	 wavelength	 dependence.	 The	 length	 scale	 for	 thermal	 diffusion	 during	 the	 laser	
pulse,	dtherm,	is	given	by	
	 dtherm = κ τ p ,		 (1)	
where	 κ	 is	 the	 thermal	 diffusivity	 and	 τp	 is	 the	 pulse	 length.	 At	 high	 temperatures,	 the	 thermal	
diffusivity	ranges	from	about	2	×	10–5	m2	s–1	for	Fe	to	about	1	×	10–4	m2	s–1	for	Cu.	Thus,	the	thermal	
diffusion	length	ranges	from	~300	nm	to	~700	nm	over	the	course	of	a	5	ns	pulse.	These	estimates	





If	 the	 laser	 fluence	 is	 only	 sufficient	 to	 cause	 melting,	 a	 mechanical	 phenomenon	 known	 as	
hydrodynamic	 sputtering	 can	 occur	 [5].	 When	 performed	 under	 well-controlled	 conditions,	 the	















which	 corresponds	 to	 the	 desorption	 of	 atoms/molecules	 from	 the	 surface	 of	 the	 solid	 exhibits	 a	
rate	Rsub	that	increases	exponentially	with	temperature	T	according	to		
	 Rsub =σ Aexp −ΔHm,sub RT( ) ,		 (2)	



























pulse	 laser	 ablation.	 Phase	 explosion	 can	 be	 understood	 in	 simplified	 terms	with	 the	 help	 of	 the	
diagram	 shown	 in	 Fig.	 2,	 in	which	 the	 reduced	 chemical	 potential	 µ/kBTc	 ,	 where	Tc	 is	 the	 critical	
temperature	and	kB	 is	Boltzmann	constant,	is	plotted	versus	reduced	volume	(V/Vc,	where	Vc	 is	the	
critical	volume).	When	the	system	is	heated	at	equilibrium	to	its	normal	boiling	temperature	Tb,	the	
liquid	will	be	 in	contact	with	an	equilibrium	vapour	pressure	of	p*	=	101	kPa.	As	 the	 temperature	
increases,	 the	equilibrium	vapor	pressure	 increases	as	well.	Under	these	conditions,	 the	 liquid	and	






liquid	 and	 vapor	 phases	 disappears.	 In	 a	 rapidly	 heated	metastable	 system,	 however,	 this	 barrier	
vanishes	 at	 the	 spinodal	 temperature,	 Tspin,	 which	 is	 equal	 to	 the	 critical	 temperature	 Tc	 at	 the	
equilibrium	 pressure	 but	 is	 lower	 for	 the	 superheated/underpressursed	 metastable	 liquid.	 A	
thermodynamic	 analysis	 based	 on	 classical	 nucleation	 theory	 reveals	 that,	 similarly	 to	 Δµ‡,	 the	
barrier	for	the	homogeneous	nucleation	of	vapor	bubbles	in	the	metastable	liquid	decreases	and	the	
nucleation	 rate	 increases	 rapidly	 as	 the	 system	 approaches	 the	 spinodal	 line,	 which	 is	 invariably	








Figure	 2.	 The	 reduced	 chemical	 potential	 of	 a	 van	 der	Waals	 fluid	 in	 the	 presence	 of	 saturation	
vapour	pressure	plotted	as	a	function	of	reduced	volume.	The	presence	of	a	barrier	Δµ‡	separating	









the	 liquid,	which	 is	now	expanding	outward	away	from	the	bulk	of	 the	target.	As	the	temperature	
reaches	 the	 threshold	 for	 the	 onset	 of	 the	 phase	 explosion,	 the	 superheated	 liquid	 is	 subject	 to	
spontaneous	(explosive)	release	of	vapor	that	drives	rapid	expansion	of	the	material	away	from	the	
irradiated	target.	This	leads	to	the	ejection	of	a	mixture	of	vapour-phase	atoms,	atomic	clusters,	and	
larger	 liquid	 droplets/nanoparticles.	 The	 formation	 of	 large	 liquid	 droplets	 is	mainly	 coming	 from	
decomposition	of	a	 transient	 foamy	structure	generated	 in	 the	slowly	expanding	 lower	part	of	 the	
ablation	 plume	 [39,	 46].	 It	 can	 be	 thought	 of	 in	 terms	 of	 nucleation,	 growth	 and	 percolation	 of	








Expansion	 of	 the	 ejected	 material	 proceeds	 much	 like	 an	 adiabatic	 free	 jet	 expansion	 [48,	 49]	
creating	 what	 is	 known	 as	 the	 laser	 ablation	 plume.	 The	 forward	 directed	 nature	 of	 explosive	
evaporation	 results	 from	 anisotropic	 expansion	 velocities	 of	 different	 species,	 which	 are	 mainly	
controlled	by	the	initial	dimensions	of	the	expanding	plume.	Collisions	during	the	early	stages	of	the	
expansion	 rapidly	 convert	 thermal	 energy	 into	 kinetic	 energy,	 which	 is	mainly	 directed	 along	 the	
target	 normal	 at	 the	 initial	 stage	 of	 the	 plume	 expansion.	 High	 expansion	 velocities	 are	 attained	
which	are	rather	uniform	for	all	of	the	constituents	of	the	plume.	Collisions	can	also	lead	to	changes	
in	 the	 fractions	 of	 atoms	 and	 clusters	 observed	 in	 the	 plume	 as	 condensation	 leads	 to	 further	
formation	 and	 growth	of	 clusters.	 Evaporative	 cooling	 of	 clusters	 and	droplets	 also	 occurs	 farther	
along	the	plume	trajectory.	The	populations	of	different	excited	state	species	in	the	plume	is	found	
to	 vary	 with	 distance	 away	 from	 the	 target	 [50-53].	 The	 shape	 and	 temporal	 development	 of	 an	
ablation	plume	are	exemplified	in	Fig.	3.	
 
Figure	3.	 The	 time	evolution	of	 visible	emission	 from	an	aluminum	plume	 recorded	using	an	 ICCD	
camera.	The	exposure	time	used	was	2	ns.	The	laser	power	density	of	the	Nd:YAG	laser	(τp	=	8	ns,	λ	=	
532	 nm)	was	 3	 GW	 cm–2	 and	 background	 pressure	was	 1.3	×	 10–4	 Pa.	 The	 timings	 in	 the	 images	




with	 a	 pressure	 above	 ~10	 Pa.	 Compared	 to	 the	 expansion	 into	 a	 vacuum,	 the	 interaction	 of	 the	









strong	 interpenetration	 of	 the	 plume	 and	 the	 ambient	 gas.	 Above	 this	 pressure,	 collisions	 of	 the	
plume	material	with	the	ambient	gas	begin	to	change	the	nature	of	the	plume	expansion.	A	faster	




Cluster	 and	 nanoparticle	 formation	 are	 greatly	 enhanced	 by	 ablating	 a	material	 into	 a	moderate-
pressure	 (10–1300	Pa)	ambient	gas.	With	 increasing	gas	pressure,	 the	 film-deposition	 flux	changes	
from	 primarily	 atoms	 and	 ions	 to	 clusters	 and	 nanoparticles.	 For	 example,	 Lowndes	 et	 al.	 [55]	
observed	the	deposition	of	1–20	nm	diameter	Si	nanoparticles	onto	Si	substrates	positioned	10–40	
mm	 away	 from	 a	 Si	 wafer	 irradiated	 with	 ~1	 J	 cm–2	 of	 193	 nm	 light	 from	 an	 ArF	 excimer	 laser.	
Miotello	and	Patel	 [56]	observed	the	deposition	of	both	11	±	4	nm	diameter	(when	observed	with	
TEM)	 and	 50–300	 nm	 diameter	 (when	 observed	 at	 lower	 resolution	 with	 SEM)	 Co	 nanoparticles	









the	 laser	 pulse	 [57].	 When	 the	 laser	 light	 is	 absorbed	 by	 the	 plume,	 the	 plume	 becomes	 highly	
ionized.	A	 plasma	 strongly	 absorbs	 light	 and	will	 shield	 the	 target	 from	 further	 irradiation.	 Strong	
laser–plasma	 interaction	 creates	 an	 additional	 high-pressure/high-energy	 region	 fueling	 expansion	
of	 the	 plume.	 As	 the	 plasma	 expands,	 the	 temperature	 drops	 very	 rapidly	 over	 the	 first	 100	 ns;	
however,	 the	 drop	 is	 smaller	 at	 later	 times	 (>100	 ns)	 because	 energy	 is	 regained	 in	 the	





While	 electron	 equilibration	 time	 is	 on	 the	 order	 of	 tens	 to	 hundreds	 of	 fs,	 the	 electron-phonon	
coupling	 time	 is	 typically	 on	 the	 order	 of	 ps.	 This	 led	 Anisimov	 to	 develop	 the	 two	 temperature	
model	 (TTM)	 [58]	 for	 the	 description	 of	 ultrafast	 excitations	 of	 metals.	 Two	 temperatures	 are	














Because	 of	 these	 factors,	 several	 characteristics	 of	 laser	 ablation	 change	 in	 the	 ultrafast	 regime.	
Short-pulse	 laser	systems	with	τp	≥	1	ns	melt	a	significant	amount	of	material	 that	either	does	not	
leave	 the	 target	 in	 the	 first	place,	moves	under	hydrodynamic	 flow	or	 is	 redeposited.	Nanosecond	
ablation	 is	 always	 accompanied	 by	 the	 formation	 of	 a	 large	 heat-affected	 zone	 outside	 of	 the	
irradiated	area.	This	limits	the	achievable	precision	and	the	quality	of	the	structures	created	with	ns-
pulsed	 lasers.	 On	 the	 other	 hand,	 ultrafast-pulsed	 laser	 ablation	 (τp	 <	 10	 ps)	 exhibits	 a	 much	
shallower	melting	depth	and	smaller	heat-affected	zone.	The	material	removal	is	more	efficient	for	
ultrafast	ablation,	e.g.	the	ablation	threshold	is	 lowered	and	more	material	 is	ejected	for	the	same	



























For	 higher	 fluences,	 the	 electronic	 heat	 conduction	 is	 important	 and	 the	 second	 logarithmic	




a	 continuum	 description	 of	 laser	 excitation,	 electron-phonon	 equilibration,	 and	 electron	 heat	
conduction.	 The	 simulations	 reveal	 the	 important	 role	 of	 photomechanical	 effects	 in	 defining	 the	
low-fluence	threshold	for	the	material	ejection.		The	ultrafast	ablation	occurs	not	only	in	the	regime	
of	thermal	confinement,	but	also	under	mechanical	stress	confinement,	when	the	time	of	the	laser	






The	 spalled	 layer	 is	 unstable	with	 respect	 to	 decomposition	 into	 droplets/nanoparticles	 and,	 as	 a	
result,	 the	ablation	yield	 in	 the	spallation	 regime	 is	characterized	by	a	 large	mass	 fraction	of	 large	
particulates	 and	 a	minor	 presence	 of	 atoms	 or	 small	 clusters.	 As	 the	 fluence	 increases	 above	 the	




the	 recoil	 pressure	 exerted	 by	 the	 ablation	 plume.	 Upon	 increase	 in	 the	 fluence	 of	 ultrafast	
irradiation	beyond	the	threshold	for	phase	explosion,	the	proportion	of	plume	fraction	composed	of	
atoms	and	small	 clusters	 increases.	The	exact	proportions	depend	on	 the	 irradiation	conditions	as	
well	 as	 the	 target	 material.	 For	 example,	 Barcikowski	 et	 al.	 [30]	 performed	 laser	 ablation	
experiments	in	air	with	eight	different	materials	using	a	Ti:sapphire	laser	(τp	=	120	fs,	λ	=	800	nm,	1	
mJ	per	pulse,	1	kHz	 repetition	 rate).	 	They	have	shown	that	ablated	graphite	and	Mg	produce	 the	
highest	percentage	of	nanoparticles	 (95–98%).	Under	 identical	 conditions,	Au	and	Ag	aerosols	 are	
characterized	by	a	significantly	lower	fraction	of	nanoparticles	(15–25%).	
																																								 																				
1	 For	 clarity	 we	 only	 discuss	 spallation	 in	 the	 context	 of	 ultrafast	 excitation,	 where	 it	 is	 most	










50	 ps	 excitation,	 it	was	 found	 that	 stress	 confinement	 is	 responsible	 for	 the	 enhanced	 yield	with	
shorter	 pulses	 because	 stress	 release	 synergistically	 contributes	 to	 the	 material	 ejection	 during	
phase	explosion.	Thus,	both	stress	confinement	and	a	lack	of	plume-induced	shielding	favour	higher	
yields	for	ultrafast	irradiation	compared	to	longer	pulse	irradiation.	
The	 environment	 above	 the	 target	 plays	 a	 strong	 role	 in	 ablation	 yield	 and	 plume	 dynamics.	
Femtosecond	laser	ablation	in	a	gaseous	environment	 is	characterized	by	an	up	to	10	times	higher	
ablation	rate	compared	to	laser	ablation	in	water	[30].		Despite	much	lower	production	rates,	laser	
ablation	 in	 water	 and	 aqueous	 solutions	 allows	 for	 greater	 ability	 to	 manipulate	 the	 size,	 size	






Interestingly,	 a	 simplified	 Monte	 Carlo	 modelling	 of	 the	 phase	 explosion	 by	 considering	 rapid	
nucleation	and	growth	of	vapor	bubbles	also	predicts	a	power	law	size	distribution	of	droplets	with	
similar	values	of	the	power	law	exponent	[47].	
It	should	be	recognized	that	a	Gaussian	 laser	 intensity	profile	–	as	 is	usually	encountered	for	most	
lasers	 other	 than	excimer	 lasers	 –	means	 that	 the	 central	more	 intense	portion	of	 the	beam	may	
activate	the	phase	explosion	mechanism	while	the	lower	intensity	wings	are	simultaneously	capable	









a	 peak	 absorbed	 laser	 fluence	 of	 2,050	 J	 m–2,	 as	 shown	 in	 the	 bottom	 part	 of	 the	 figure.	 The	
representation	 of	 the	 laser-induced	 processes	 at	 the	 scale	 of	 the	 whole	 laser	 spot	 is	 based	 on	 a	
“mosaic	approach”,	where	snapshots	from	individual	TTM-MD	simulations	taken	at	the	same	time	of	
150	ps	after	the	 laser	pulse	are	aligned	with	 locations	within	the	 laser	spot	that	correspond	to	the	
values	of	local	fluence	used	in	the	simulations,	as	shown	by	the	thin	vertical	and	horizontal	dashed	





m–2,	 the	 locations	 of	 the	melting	 front	 and	 the	 void-free	 layers	 are	marked	without	 showing	 the	
corresponding	 snapshots.	 The	 velocities	 of	 the	 top	 void-free	 layers	 at	 150	 ps	 are	 provided	 in	 the	
figure.	Reproduced	with	permission	from	Ref.	[46].	
The	 greater	 excitation	 density	 of	 ultrafast	 ablation,	 as	 alluded	 to	 above,	 leads	 to	 a	 potentially	
increased	 importance	 for	 nonthermal	 ejection	 mechanisms.	 Indeed,	 evidence	 shows	 that	
nonthermal	 pathways	 do	 make	 a	 measurable	 contribution,	 even	 if	 it	 is	 not	 the	 predominant	
mechanism	 of	 material	 ejection.	 It	 has	 been	 argued	 [66]	 that	 Coulomb	 explosion	 (or	 a	 related	
process)	 is	 observed,	 if	 the	 laser	 energy	 is	 deposited	 in	 a	 very	 short	 time,	 perhaps	 20–200	 fs	
depending	on	 the	material.	A	 signature	of	 this	mechanism	 is	 the	emission	of	particles	with	kinetic	
energies	as	high	as	several	eV.	While	no	evidence	of	nonthermal	ejection	with	248	nm	ns	pulses	was	
found,	Henley	et	al.	[52]	observed	evidence	of	nonthermal	ejection	of	C	from	graphite	with	fs	pulses,	
and	 Bashir	 et	 al.	 [66]	 observed	 hyperthermal	 Si	 atoms	 emitted	 from	 Si(111)	 wafers	 irradiated	 by	
Ti:sapphire	 laser	 (τp	 =	 25	 fs,	λ	 =	 800	 nm).	 Coulomb	 explosion	 is	more	 likely	 in	 insulators,	 for	 UV	





effects	 start	 to	 play	 a	 role	 [20].	 Indeed,	 it	 has	 been	 shown	 theoretically	 [67]	 that	 the	 Coulomb	
explosion	can	be	activated	in	wide-bandgap	dielectrics,	where	laser-induced	electron	photoemission	
can	produce	positive	 charge	accumulation	up	 to	 the	 level	 sufficient	 for	disintegration	of	 a	 surface	






pressures	 above	 10	 Pa	 or	 for	 irradiation	 into	 liquids,	 the	 plume	 provides	 a	 ready	 source	 of	
nanoparticles.	 The	 size	 distribution	 of	 the	 nanoparticles	 can	 be	 controlled	 by	 adjusting	 both	 the	
irradiation	parameters	and	the	characteristics	of	the	substrate	onto	which	they	are	collected	and	the	
environment	around	it.	The	primary	mechanism	of	material	removal	during	laser	ablation	–	both	for	
nanosecond	 and	ultrafast	 pulsed	 irradiation	 –	 is	 phase	 explosion.	 As	 the	 temperature	of	 the	 solid	
approaches	the	spinodal	temperature,	the	expanding	heated	layer	spontaneously	decomposes	into	a	
mixture	 of	 vapor-phase	 atoms	 and	 liquid	 droplets.	 For	 ultrafast	 irradiation,	 an	 additional	 ablation	









[1]	 J. E. Sipe, J. F. Young, J. S. Preston, H. M. Van Driel, Laser-induced periodic surface-
structure. I. Theory, Phys. Rev. B 1983, 27, 1141-1154. 
[2]	 J. F. Young, J. S. Preston, H. M. van Driel, J. E. Sipe, Laser-induced periodic surface 
structure. II. Experiments on Ge, Si, Al, and brass, Phys. Rev. B 1983, 27, 1155-1172. 
[3]	 J. F. Young, J. E. Sipe, H. M. Van Driel, Laser-induced periodic surface-structure. III. 
Fluence regimes, the role of feedback, and details of the induced topography in germanium, 
Phys. Rev. B 1984, 30, 2001-2015. 
[4]	 A. E. Siegman, P. M. Fauchet, Stimulated Wood's anomalies on laser-illuminated surfaces, 
IEEE J. Quantum Electron. 1986, 22, 1384-1403. 
[5]	 K. W. Kolasinski, Solid Structure Formation During the Liquid/Solid Phase Transition, Curr. 
Opin. Solid State Mater. Sci. 2007, 11, 76-85. 
[6]	 A. Y. Vorobyev, C. L. Guo, Direct femtosecond laser surface nano/microstructuring and its 
applications, Laser & Photonics Reviews 2013, 7, 385-407. 
[7]	 B. Tan, K. Venkatakrishnan, A femtosecond laser-induced periodical surface structure on 
crystalline silicon, J. Micromech. Microeng. 2006, 16, 1080-1085. 
[8]	 D. J. Hwang, C. P. Grigoropoulos, T. Y. Choi, Efficiency of silicon micromachining by 
femtosecond laser pulses in ambient air, J. Appl. Phys. 2006, 99, 083101. 
[9]	 J. T. Dickinson, Physical and chemical aspects of laser-materials interactions, in Photon-
Based Nanoscience and Nanobiotechnology (Eds.: J. J. Dubowski, S. Tanev), Springer, 2006, 
pp. 1-30. 
[10]	 V. Oliveira, O. Conde, R. Vilar, UV Laser Micromachining of Ceramic Materials: Formation 
of Columnar Topographies, Adv. Eng. Mater. 2001, 33, 75-81. 
[11]	 S. Mishra, V. Yadava, Laser Beam MicroMachining (LBMM) – A review, Optics Lasers Eng. 
2015, 73, 89-122. 
[12]	 T.-H. Her, R. J. Finlay, C. Wu, S. Deliwala, E. Mazur, Microstructuring of silicon with 
femtosecond laser pulses, Appl. Phys. Lett. 1998, 73, 1673-1675. 
[13]	 M. Otto, M. Algasinger, H. Branz, B. Gesemann, T. Gimpel, K. Fuechsel, T. Kaesebier, S. 
Kontermann, S. Koynov, X. P. Li, V. Naumann, J. Oh, A. N. Sprafke, J. Ziegler, M. Zilk, R. 
B. Wehrspohn, Black Silicon Photovoltaics Adv. Opt. Mater. 2015, 3, 147-164. 
[14]	 X. G. Liu, P. R. Coxon, M. Peters, B. Hoex, J. M. Cole, D. J. Fray, Black silicon: fabrication 
methods, properties and solar energy applications, Energy Environ. Sci. 2014, 7, 3223-3263. 
[15]	 A. Y. Vorobyev, C. L. Guo, Colorizing metals with femtosecond laser pulses, Appl. Phys. 
Lett. 2008, 92. 
[16]	 B. K. Nayak, M. C. Gupta, K. W. Kolasinski, Formation of nano-textured conical 
microstructures in titanium metal surface by femtosecond laser irradiation, Appl. Phys. A 
2008, 90, 399-402. 
[17]	 P. O. Caffrey, B. K. Nayak, M. C. Gupta, Ultrafast laser-induced 
microstructure/nanostructure replication and optical properties, Appl. Opt. 2012, 51, 604-
609. 
[18]	 J. R. Bush, B. K. Nayak, L. S. Nair, M. C. Gupta, C. T. Laurencin, Improved bio-implant 
using ultrafast laser induced self-assembled nanotexture in titanium, Journal of Biomedical 
Materials Research Part B-Applied Biomaterials 2011, 97b, 299-305. 
[19]	 A. Vogel, V. Venugopalan, Mechanisms of Pulsed Laser Ablation of Biological Tissues, 
Chem. Rev. 2003, 103, 577-644. 
[20]	 P. Balling, J. Schou, Femtosecond-laser ablation dynamics of dielectrics: basics and 
applications for thin films, Rep Prog Phys 2013, 76, 036502. 
[21]	 P. R. Willmott, J. R. Huber, Pulsed laser vaporization and deposition, Rev. Mod. Phys. 2000, 
72, 315-328. 
[22]	 D. Bäuerle, Laser Processing and Chemistry, 3rd ed., Springer Verlag, Berlin, 2000. 
[23]	 D. B. Chrisey, G. K. Hubler, Pulsed Laser Deposition of Thin Films, Wiley, New York, 1994. 
[24]	 H. W. Kroto, J. R. Heath, S. C. O'Brien, R. F. Curl, R. E. Smalley, C60: Buckminsterfullerene, 
Nature (London) 1985, 318, 162-163. 
[25]	 C. Petridis, K. Savva, E. Kymakis, E. Stratakis, Laser generated nanoparticles based 





[26]	 M. Dahlinger, K. Carstens, E. Hoffmann, R. Zapf-Gottwick, J. H. Werner, 23.2% laser 
processed back contact solar cell: fabrication, characterization and modeling, Prog. 
Photovoltaics 2017, 25, 192-200. 
[27]	 N. G. Semaltianos, Nanoparticles by Laser Ablation, Crit. Rev. Solid State Mater. Sci. 2010, 
35, 105-124. 
[28]	 J. Perrière, C. Boulmer-Leborgne, R. Benzerga, S. Tricot, Nanoparticle formation by 
femtosecond laser ablation, J. Phys. D: Appl. Phys. 2007, 40, 7069-7076. 
[29]	 D. Zhang, B. Gökce, S. Barcikowski, Laser Synthesis and Processing of Colloids: 
Fundamentals and Applications, Chem. Rev. 2017, 117, 3990-4103. 
[30]	 S. Barcikowski, A. Hahn, A. V. Kabashin, B. N. Chichkov, Properties of nanoparticles 
generated during femtosecond laser machining in air and water, Appl. Phys. A 2007, 87, 47-
55. 
[31]	 A. M. Morales, C. M. Lieber, A laser ablation method for the synthesis of crystalline 
semiconductor nanowires, Science 1998, 279, 208-211. 
[32]	 M. C. Gupta, A Study of Laser Marking of Thin-Films, J. Mater. Res. 1988, 3, 1187-1195. 
[33]	 W. O. Siew, W. K. Lee, H. Y. Wong, T. K. Yong, S. S. Yap, T. Y. Tou, Investigation of 
droplet formation in pulsed Nd: YAG laser deposition of metals and silicon, Appl. Phys. A 
2010, 101, 627-632. 
[34]	 G. Odachi, R. Sakamoto, K. Hara, T. Yagi, Effect of air on debris formation in femtosecond 
laser ablation of crystalline Si, Appl. Surf. Sci. 2013, 282, 525-530. 
[35]	 S. P. Sharma, V. Oliveira, R. Vilar, Morphology and structure of particles produced by 
femtosecond laser ablation of fused silica, Appl. Phys. A 2016, 122. 
[36]	 J. H. Klein-Wiele, P. Simon, Sub-100nm pattern generation by laser direct writing using a 
confinement layer, Opt. Express 2013, 21, 9017-9023. 
[37]	 E. T. Karim, M. Shugaev, C. P. Wu, Z. B. Lin, R. F. Hainsey, L. V. Zhigilei, Atomistic 
simulation study of short pulse laser interactions with a metal target under conditions of 
spatial confinement by a transparent overlayer, J. Appl. Phys. 2014, 115. 
[38]	 L. V. Zhigilei, E. Leveugle, B. J. Garrison, Y. G. Yingling, M. I. Zeifman, Computer 
Simulations of Laser Ablation of Molecular Substrates, Chem. Rev. 2003, 103, 321-348. 
[39]	 L. V. Zhigilei, Dynamics of the plume formation and parameters of the ejected clusters in 
short-pulse laser ablation, Appl. Phys. A 2003, 76, 339-350. 
[40]	 A. J. Pedraza, S. Jesse, Y. F. Guan, J. D. Fowlkes, Laser-induced surface perturbations in 
silicon, J. Mater. Res. 2001, 16, 3599-3608. 
[41]	 S. de Unamuno, E. Fogarassy, A thermal description of the melting of c- and a-silicon under 
pulsed excimer lasers, Appl. Surf. Sci. 1989, 36, 1-11. 
[42]	 D. A. Willis, V. Grosu, Microdroplet deposition by laser-induced forward transfer, Appl. 
Phys. Lett. 2005, 86, 244103. 
[43]	 S. Afkhami, L. Kondic, Numerical Simulation of Ejected Molten Metal Nanoparticles 
Liquified by Laser Irradiation: Interplay of Geometry and Dewetting, Phys. Rev. Lett. 2013, 
111, 034501. 
[44]	 A. Miotello, R. Kelly, Critical assessment of thermal models for laser sputtering at high 
fluences, Appl. Phys. Lett. 1995, 67, 3535-3537. 
[45]	 A. Miotello, R. Kelly, Laser-induced phase explosion: new physical problems when a 
condensed phase approaches the thermodynamic critical temperature, Appl. Phys. A 1999, 
69, S67-S73. 
[46]	 C. P. Wu, L. V. Zhigilei, Microscopic mechanisms of laser spallation and ablation of metal 
targets from large-scale molecular dynamics simulations, Appl. Phys. A 2014, 114, 11-32. 
[47]	 A. Mazzi, F. Gorrini, A. Miotello, Liquid nanodroplet formation through phase explosion 
mechanism in laser-irradiated metal targets, Phys. Rev. E 2015, 92. 
[48]	 R. Kelly, R. W. Dreyfus, On the effect of Knudsen-layer formation on studies of vaporization, 
sputtering, and desorption, Surf. Sci. 1988, 198, 263. 
[49]	 G. Scoles, Atomic and Molecular Beam Methods, Vol. 1, Oxford University Press, New York, 
1988. 
[50]	 S. Jesse, A. J. Pedraza, J. D. Fowlkes, J. D. Budai, Etching-enhanced ablation and the 
formation of a microstructure in silicon by laser irradiation in an SF6 atmosphere, J. Mater. 





[51]	 F. Claeyssens, S. J. Henley, M. N. R. Ashfold, Comparison of the ablation plumes arising 
from ArF laser ablation of graphite, silicon, copper, and aluminum in vacuum, J. Appl. Phys. 
2003, 94, 2203-2211. 
[52]	 S. J. Henley, J. D. Carey, S. R. P. Silva, G. M. Fuge, M. N. R. Ashfold, D. Anglos, Dynamics 
of confined plumes during short and ultrashort pulsed laser ablation of graphite, Phys. Rev. 
B 2005, 72, 205413. 
[53]	 M. Straw, S. Randolph, Direct spatiotemporal analysis of femtosecond laser-induced plasma-
mediated chemical reactions, Laser Phys. Lett. 2014, 11, 035601. 
[54]	 S. S. Harilal, C. V. Bindhu, M. S. Tillack, F. Najmabadi, A. C. Gaeris, Internal structure and 
expansion dynamics of laser ablation plumes into ambient gases, J. Appl. Phys. 2003, 93, 
2380-2388. 
[55]	 D. H. Lowndes, C. M. Rouleau, T. Thundat, G. Duscher, E. A. Kenik, S. J. Pennycook, 
Silicon and zinc telluride nanoparticles synthesized by pulsed laser ablation: size 
distributions and nanoscale structure, Appl. Surf. Sci. 1998, 127, 355-361. 
[56]	 A. Miotello, N. Patel, Pulsed laser deposition of cluster-assembled films for catalysis and the 
photocatalysis relevant to energy and the environment, Appl. Surf. Sci. 2013, 278, 19-25. 
[57]	 Q. Lu, Thermodynamic evolution of phase explosion during high-power nanosecond laser 
ablation, Phys. Rev. E 2003, 67, 016410. 
[58]	 S. I. Anisimov, B. L. Kapeliovitch, T. L. Perel'man, Two Temperature Model, Sov. Phys. 
JETP 1974, 39, 375. 
[59]	 J. Hohlfeld, S.-S. Wellershoff, J. Güdde, U. Conrad, V. Jähnke, E. Matthias, Electron and 
lattice dynamics following optical excitation of metals, Chem. Phys. 2000, 251, 237-258. 
[60]	 J. Byskov-Nielsen, J.-M. Savolainen, M. S. Christensen, P. Balling, Ultra-short pulse laser 
ablation of copper, silver and tungsten: experimental data and two-temperature model 
simulations, Appl. Phys. A 2011, 103, 447-453. 
[61]	 S. Preuss, A. Demchuk, M. Stuke, Sub-picosecond UV laser ablation of metals, Appl. Phys. A 
1995, 61, 33-37. 
[62]	 S. Nolte, C. Momma, H. Jacobs, A. Tunnermann, B. N. Chichkov, B. Wellegehausen, H. 
Welling, Ablation of metals by ultrashort laser pulses, J. Opt. Soc. Am. B: Opt. Phys. 1997, 
14, 2716-2722. 
[63]	 L. V. Zhigilei, Z. B. Lin, D. S. Ivanov, Atomistic Modeling of Short Pulse Laser Ablation of 
Metals: Connections between Melting, Spallation, and Phase Explosion, J. Phys. Chem. C 
2009, 113, 11892-11906. 
[64]	 D. S. Ivanov, L. V. Zhigilei, Kinetic limit of heterogeneous melting in metals, Phys. Rev. Lett. 
2007, 98, 195701. 
[65]	 E. Leveugle, D. S. Ivanov, L. V. Zhigilei, Photomechanical spallation of molecular and metal 
targets: molecular dynamics study, Appl. Phys. A 2004, 79, 1643-1655. 
[66]	 S. Bashir, M. S. Rafique, W. Husinsky, Surface topography (nano-sized hillocks) and particle 
emission of metals, dielectrics and semiconductors during ultra-short-laser ablation: 
Towards a coherent understanding of relevant processes, Appl. Surf. Sci. 2009, 255, 8372-
8376. 
[67]	 N. M. Bulgakova, R. Stoian, A. Rosenfeld, I. V. Hertel, E. E. B. Campbell, Electronic 
transport and consequences for material removal in ultrafast pulsed laser ablation of 











P.	Balling,	 J.	 Schou,	Femtosecond-laser	ablation	dynamics	of	dielectrics:	basics	and	applications	 for	
thin	films,	Rep	Prog	Phys	2013,	76,	036502.	
D.	Bäuerle,	Laser	Processing	and	Chemistry,	3rd	ed.,	Springer	Verlag,	Berlin,	2000.	
D.	 Zhang,	 B.	 Gökce,	 S.	 Barcikowski,	 Laser	 Synthesis	 and	 Processing	 of	 Colloids:	 Fundamentals	 and	
Applications,	Chem.	Rev.	2017,	117,	3990-4103.	








A.	 Vogel,	 V.	 Venugopalan,	Mechanisms	 of	 Pulsed	 Laser	 Ablation	 of	 Biological	 Tissues,	 Chem.	 Rev.	
2003,	103,	577-644.	
A.	 Y.	 Vorobyev,	 C.	 L.	 Guo,	 Direct	 femtosecond	 laser	 surface	 nano/microstructuring	 and	 its	
applications,	Laser	&	Photonics	Reviews	2013,	7,	385-407.	
P.	R.	Willmott,	J.	R.	Huber,	Pulsed	laser	vaporization	and	deposition,	Rev.	Mod.	Phys.	2000,	72,	315-
328.	
L.	V.	Zhigilei,	E.	Leveugle,	B.	J.	Garrison,	Y.	G.	Yingling,	M.	I.	Zeifman,	Computer	Simulations	of	Laser	
Ablation	of	Molecular	Substrates,	Chem.	Rev.	2003,	103,	321-348.	
	
